Genetic diversity of the wild population of the endangered Okinawa Rail, Gallirallus okinawae, was revealed by analyzing haplotypes in the mitochondrial control region for 177 individuals. We found 6 haplotypes with nucleotide differences at 6 sites. The four major haplotypes, Type 1 to Type 4, were present in 121 (68.4%), 21 (11.9%), 8 (4.5%) and 25 individuals (14.1%), respectively. Type 5 and Type 6 were each found in one individual. The gene diversity (h) and nucleotide diversity (π) of Okinawa Rail were calculated to be 0.499 ± 0.040 and 0.00146 ± 0.00098, respectively. Gene diversity in Okinawa Rail is higher than that found in other endangered avian species, but the relative nucleotide diversity is lower due to few nucleotide differences among the haplotypes. Our sample of 177 individuals represents 20-25% of the total population, and thus allows a rigorous estimate of the population structure of Okinawa Rail, and makes it unlikely that more haplotypes would be found with additional sampling. The low nucleotide diversity in the control region may indicate that Okinawa Rail has gone through a recent bottleneck. The minimal span network of haplotypes, and the distribution pattern of sampled individuals, indicate that the number of birds with rare haplotypes, Type 5 and 6, decreased during the recent population decline caused by habitat loss and introduced predators. Our results are relevant to the current conservation program for the endangered Okinawa Rail, and perhaps for other species of flightless rails.
INTRODUCTION
In 1981, a new avian species was discovered in the northern part of Okinawa Island, Japan (Yamashina and Mano, 1981) . This endemic forest species was named the Okinawa Rail, Gallirallus okinawae, and is nearly flightless and nests on the ground (Harato and Ozaki, 1993) . The population size of Okinawa Rail was estimated to be 1,800 individuals in 1986 (Hanawa and Morishita, 1986 ), however, surveys in 2004 revealed that the population had dropped to 810 and 720 individuals, respectively (Ozaki et al., 2006) . This decline was primarily due to predation by the Asian mongoose, Herpestes javanicus (Ozaki et al., 2002) , introduced in 1910 to control the venomous snake, Protobothrops flavoviridis, and other pests (Kishida, 1931) . In addition, habitat fragmentation due to anthropogenic causes also contributed to the population decline. Similarly, other species of island-dwelling flightless rails have declined as a result of predation and habitat fragmentation (Taylor, 1998) .
Recently, the Yamashina Institute for Ornithology initiated the Mitochondrial Genome Project with the goal of sequencing the entire mitochondrial genome of endangered birds of Japan (Yamamoto et al., 2005) . With this information, it is possible to identify nucleotide variations in mitochondria and haplotypes, and elucidate current population structure. For the Okinawa Rail, we also used the sequence of the mitochondrial genome to measure nucleotide diversity and conduct a phylogenetic analysis. Phylogenetic analyses, based on mitochondrial sequence data, have been conducted for some rail species in order to better understand their evolution of flightlessness (Trewick, 1997; Slikas et al., 2002) . These authors concluded that the evolution of flightlessness in rails was rapid and independent. Houde et al. (1997) analyzed phylogenetic relationships between Gruiformes birds, including rails, using DNA sequences of mitochondrial 12S-rRNA genes. Also, a phylogeny of five core families in Gruiformes was conducted using sequence data of four mitochondrial and three nuclear genes (Fain et al., 2007) . A phylogenetic analysis of Okinawa Rail was made to clarify its relationship to other rails using the corresponding sequences from the published data above.
Analyses of genetic diversity of wild populations of island-dwelling flightless rails have not been previously conducted, though genetic diversity of captive Guam Rails (Gallirallus owstoni) has been examined using allozymes and minisatellite DNA profiles (Haig and Ballou, 1995) . In 2004, planning was initiated to develop a captive breeding and re-introduction program for the endangered Okinawa Rail (Ozaki, 2008) . Required baseline data for this plan included an estimate of the rail population size and its genetic diversity. To evaluate genetic diversity, we determined the nucleotide sequences of the mitochondrial control region in 177 wild individuals. Here, we describe our haplotype analysis of the mitochondrial control region, and describe the population structure of the endangered Okinawa Rail. These results should also be useful in conserving other flightless rails.
MATERIALS AND METHODS
Samples and DNA extraction DNA was extracted from 177 samples: 61 blood samples were obtained from wild Okinawa Rails either captured for banding, or unintentionally caught in mongoose traps; 20 tissue samples were collected from un-hatched dead embryos; and 96 muscle samples were taken from dead birds, of which 67 had been killed by cars and 18 by predators. Samples, and thus haplotypes, were collected from the northeastern portion of Okinawa Island (Fig. 4) . All tissue samples were preserved in 100% ethanol. After washing samples twice with DNA extraction buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM EDTA and 100 mM NaCl, DNA was extracted using the SDS-protease-phenol method (Sambrook et al., 1989) .
Determination of the total mitochondrial genome of the Okinawa Rail Some related DNA sequences of mitochondrial 12S-rRNA and cytochrome-B (cytB) genes have been registered in the DNA data bank. Three 12S-rRNA genes from Clapper Rail (Rallus longirostris, Accession number: DQ485825), Water Rail (Rallus aquaticus: U77149) and Buff-banded Rail (Rallus philippensis dieffenbachia: U88026) were aligned by clustalW, and PCR primer ROMT02 was made in a preserved region of 12S-rRNA gene. ROMT01 was also designed in the cytB gene by comparison with four cytB genes of Clapper Rail (Rallus longirostris: DQ485908), Water Rail (Rallus aquaticus: U77172), Takahe (Porphyrio mantelli hochstetteri: U77167) and Sooty Crake (Porzana tabuensis: U77170). ROMT01 and ROMT02 primers were expected to amplify the coding region between cytB and 12S-rRNA genes of the Okinawa Rail, and their sequences are shown in Table 1 .
Long PCR was carried out with ROMT01 and ROMT02 primers using total cellular DNA of Okinawa Rail as a template and the TaKaRa LA-PCR kit (Takara Bio. Co., Shiga, Japan). The components of the procedure were: denaturing the DNA at 96°C for 3 min, followed by 30 cycles of denaturing at 98°C for 10 sec, primer annealing and elongating at 68°C for 15 min, and an additional elongation at 72°C for 10 min. A DNA fragment, approximately 13 kb in size, was amplified and purified by agarose gel electrophoresis. The DNA sequence of the fragment was determined using the M13 shotgun method as described by Yamamoto et al. (2000) . Next, ROMT03 and ROMT04 primers (Table 1) were made at both ends of the 13 kb DNA to amplify the rest of the mitochondrial genome. PCR conditions were: denaturation at 96°C for 3 min, 30 cycles of denaturing at 98°C for 10 sec, primer annealing and elongating at 68°C for 6 min, and an additional elongation at 72°C for 10 min. The long-PCR product was about 5 kb in length, and its DNA sequence was determined using the procedures described above. Total DNA sequence was obtained by combining both sequences, and was found to be 18,404 bp. The total mitochondrial genome sequence of Okinawa Rail was registered with the DNA data bank under accession number AP010821. After determination of the entire mitochondrial genome, the first long PCR primers, ROMT01 and ROMT02, were found to have 2 and 3 mismatches, respectively (see Table 1 ). However, those mismatches were considered to have no effect on amplification of the 13 kb product under the PCR conditions outlined above. Two rRNA, 13 protein-coding genes, and 22 tRNA genes of Okinawa Rail were identified by similarity comparisons with other avian mitochondrial genes. We also determined the whole nucleotide sequences for the mitochondrial genomes of Banded Crake (Rallina eurizonoides sepiaria: AP010822) and Swinhoe's Rail (Coturinicops exquisitus: AP010823) using the same procedures. These results were produced over the past several years by the Mitochondrial Genome Projects of Endangered Birds in Japan, based at the Yamashina Institute for Ornithology. The mitochondrial genome of Banded crake is 16,942 bp, while that of Swinhoe's Rail 17,136 bp.
Haplotype analysis in the control region The control region (CR) of Okinawa Rail has 3 repeat regions: one in front of CR domain I, and two others downstream of CR domain III (Fig. 1) . Four PCR primers, ROD01, ROD02, ROD03 and ROD04, were made between domains I and III (Table 1 ). The 666 bp DNA fragment was amplified by PCR with ROD01 and ROD02, while the 509 bp fragment with ROD03 and ROD04. The 2 PCR fragments had a 119 bp overlap, therefore, the amplified region is 1,056 bp in total length. Each PCR fragment was treated with a pre-sequencing kit (Takara Bio. Co., Shiga, Japan) to remove the remaining PCR primers, and then directly sequenced in both directions using PCR primers and the BigDye Terminator cycle-sequencing kit. DNA sequences were determined using an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems Japan, Tokyo, Japan). After cutting the primer sequence, DNA sequences were combined in each sample of Okinawa Rail to produce a haplotype. The sequenced region was 1,009 bp in each sample and they were compared using GENE-TYX software (GENETYX Co., Tokyo, Japan).
Phylogenetic analysis
We constructed phylogenetic 
trees using the maximum likelihood (ML) method implemented in PHYLIP ver. 3.6 (Felsenstein, 2004 DQ485864) , to analyze the phylogenetic relationship by ML method, using American finfoot (Heliornis fulica: DQ485902, DQ485819, DQ485857) and Red-crowned Crane (Grus japonensis: U27550, DQ485807, DQ485845) as outgroups. We also determined the whole nucleotide sequences of the mitochondrial genome in Banded Crake (Rallina eurizonoides sepiaria: AP010822) and Swinhoe's Rail (Coturnicops exquisitus: AP010823), and the same 3 gene sequences as above were analyzed together. All sequences were aligned by Clustal W program (Thompson et al., 1994) , and then analyzed with 'dnaml' program in PHYLIP ver. 3.6 (Felsenstein, 2004 ) package using a Hidden Markov model. Mismatch distribution and haplotype network construction Gene diversity (h; Nei, 1973 ) and nucleotide Fig. 3 . Minimum spanning network of 6 haplotypes of Okinawa Rail. The relationship between 6 haplotypes of the mitochondrial control region was analyzed by TCS 1.21 (Clement et al. 2000) . Numbers next to circles represent individuals belonging to each haplotype. Nei and Tajima, 1981) were calculated using Arlequin 2.000 (Schneider et al., 2000) . Mismatch distribution values between 177 rails were also calculated using Arlequin 2.000 (Schneider et al., 2000) to compare with the sudden expansion model (Rogers and Harpending, 1992) . In addition, Tajima's D-test (Tajima, 1989 ) was performed using Arlequin 2.000 (Schneider et al., 2000) , and a cladogram of haplotype sequences was estimated using TCS 1.21 free software (Clement et al., 2000) .
RESULTS

The novel structure of the CR of Okinawa Rail
The position and direction of 2 rRNA genes, 13 proteincoding genes and 22 tRNA genes in the mitochondrial genome of Okinawa rail are similar to those of many avian species, such as the chicken (Gallus gallus var. domesticus) (Desjardins and Morais, 1990) and Oriental White Stork (Ciconia boyciana) (Yamamoto et al., 2000) .
The CR (D-loop) of the Okinawa Rail is found between the tRNA-Glu and tRNA-Phe genes, a common location in avian mitochondrial genomes, however, it also displays some unique characteristics (Fig. 1) . The CR (D-loop) of the Okinawa Rail is 2,874 bp long and displays an interesting organization (Fig. 1) . In the CR of Okinawa Rail, the first repeat region, named Repeat A, is 649 bp long, lies in front of domain I, and consists of the 149 bp unique sequence repeated 4.4 times. In the fifth repeat of the 149 bp sequence contained in Repeat A, only the first 53 bp are repeated. The second repeat region, Repeat B, is 841 bp long and contains 10 repeats of the unique 84 bp unit downstream of domain III. The third repeat region, Repeat C, is 220 bp long, and has 4.4 repeats of 50 bp in front of the tRNA gene for phenylalanine. The fifth repeat, within Repeat C, contains only the first 20 bp of the 50 bp unit. As those repeats were heteroplasmic, with a variable number of repeat units within an individual, we selected the central non-repetitive region, 1,009 bp, for PCR amplification and sequencing to determine haplotypes of Okinawa Rails.
Phylogenetic analysis of the mitochondrial genome of Okinawa Rail
We determined the entire nucleotide sequence of the mitochondrial genome of Okinawa Rail (18,404 bp), Swinhoe's Rail (17, 136 bp) , and Banded Crake (16,942 bp). We chose the longer sequences of cytochrome-b (1,143 bp), 12S-rRNA (980 bp), and 16S-rRNA (1,590 bp) genes of 7 Rallidae species in DNA data bank for ML analysis, using American Finfoot and Redcrowned Crane as outgroups. Accordingly, DNA sequences of 3,266 bp in total were analyzed. Using the ML method, we were then able to describe the phylogenetic relationship of 10 Rallidae species (Fig. 2) .
The grouping of Okinawa Rail, Banded Rail, and Clapper Rail into one clade was supported by bootstrap analysis (1,000 replicates). Okinawa Rail was found to be more closely related to Buff-banded Rail than to Clapper Rail, and supports the current placement of Okinawa Rail and Buff-banded Rail in the genus Gallirallus, and the Clapper Rail in the genus Rallus. Ten Rallidae species formed a large group distinguished from the outgroup species, American Finfoot and Red-crowned Crane (Trewick, 1997; Fain et al., 2007) .
Haplotype analysis and genetic diversity of Okinawa Rail
We examined 177 individual rails and identified 6 haplotypes having nucleotide differences at 6 sites ( Table  2) . Type 1 was the major haplotype, containing 121 individuals (68.4%), while Types 2, 3, and 4 contained 21(11.9%), 8(4.5%) and 25(14.1%), respectively. Two other haplotypes were found in one individual each. For haplotype analysis, we used the nucleotide sequence of 1,009 bp between domain I and III, which contains most of CR without repetitive sequences. However, only 6 variable sites in the sequenced region were found in 177 rails, indicating low nucleotide diversity in the Okinawa Rail population. There appeared to be no sampling bias due to tissue type because all major haplotypes were found in all tissue types at similar rates. The minimum span network of 6 haplotypes is shown in Fig. 3 . Gene diversity (h) and nucleotide diversity (π) was 0.499 ± 0.040 and 0.00146 ± 0.00098 (Table 3) , respectively.
The geographic distribution of rail haplotypes shows that Types 1 and 3 are widely distributed across the range of the Okinawa Rail, while Type 2 is found in the northern part of the range, and Type 4 in the central part (Fig. 4) .
The mismatch distribution of haplotype sequences of Okinawa rails was analyzed using Arlequin 2.000 (Schneider et al., 2000) to compare with the sudden expansion model (Rogers and Harpending, 1992) . The mismatch distribution pattern is shifted to the left and mismatch values with one and three differences are much lower than simulated values. Tajima's D value (Tajima, 1989 ) was estimated to be 0.848 (p = 0.824) using Arlequin 2.000 (Schneider et al., 2000) .
DISCUSSION
Long CR with long repeat regions The CR (D-loop) of the Okinawa Rail is 2,874 bp long, about 3-times the length found in most animals. Some avian mitochondrial CR have the repeat sequence region(s) downstream from domain III and hence have a longer CR as seen in the Oriental Stork (Ciconia boyciana: AB026193), Turkey Vulture (Cathartes aura: AY463690), Black-browed Albatross (Diomedea melanophrys: AY362763) and Magpie Goose (Anseranas semipalmata: AY309455). The CR of Little Penguin (Eudyptula minor: AF362763) also has a long repeat region, including 9.4 repeats of 25 bp, and 20.9 repeats of 7 bp, however, they are downstream of domain III, as in other avian CR. In contrast, the CR of Okinawa Rail has its first repeat of 649 bp, Repeat A, in front of domain I, and the length of the repeat unit of unique sequence is 149 bp. The other repeat regions, Repeat B and C, also have long repeat units of 84 bp and 50 bp, respectively. The unusual position of Repeat A, long unique repeat units, and the longest CR, make the mitochondria of Okinawa Rail unique among avian mitochondrial genomes studied thus far. The nucleotide sequences of the three repeat units have no similarity with each other, and no homologous sequence was found in the DNA data bank. In CR of Swinhoe's Rail, we identified a small repeat region of 179 bp downstream from domain III, which is composed of 5.4 repeats of a 33 bp unit. However, no repeat sequence was found in the CR of Banded Crake.
Genetic divergence of Clapper Rail and King Rail has been described previously using restriction site variation in mitochondrial DNA (Avise and Zink, 1988) . The authors estimated the size of the mitochondrial DNA from Clapper and King Rails to be about 17.9 kb. They also found mitochondrial DNA size differences in 7 Clapper Rails and 10 King Rails, and concluded the species were heteroplasmic. The observation of large mitochondria size and heteroplasmy in rails may be a function of the CR containing long repeat regions with variable repeat number. As shown in mitochondrial CR organization of Okinawa Rail, many species in the genus Gallirallus may have large repeat regions in the CR. However, there is currently no information on the nucleotide sequence of mitochondrial CR, and its structure, for other rails.
Phylogenetic analysis of Swinhoe's Rail Three mitochondrial gene sequences, cytB, 12S-rRNA, and 16S-rRNA, in 10 Rallidae species were analyzed by ML method (Fig. 2 ). Swinhoe's Rail appears to be more closely related to Rufous-sided Crake than to Banded Genetic diversity and phylogeny of Okinawa Rail Crake, and was once thought to be a subspecies of Yellow Rail (Coturnicops noveboracensis) (Swinhoe, 1873) . A partial DNA sequence, 633 bp, of mitochondrial CO1 gene of Yellow Rail (DQ433553) was compared to the equivalent sequence of mitochondrial genome of Swinhoe's Rail. Nucleotide differences were found at 46 sites (7.3%), indicating that Swinhoe's Rail is probably best viewed as an independent species. Genetic diversity and haplotypes Gene diversity (h) and nucleotide diversity (π) of mitochondrial CR in birds is shown in Table 3 . The gene diversity (h) of Okinawa Rail is higher than that of Sage Grouse (Centrocercus urophasianus: small-bodied population), Red-crowned Crane (Grus japonensis: Japanese population), Golden Eagle (Aquila chrysaetos japonica), Spanish Imperial Eagle (Aquila adalberti) and Crested Ibis (Nipponia nippon), which are listed in the IUCN Red List of Threatened Species in categories ranging from Least Concern to Endangered, mainly due to their small population sizes (IUCN, 2009 ). Okinawa Rail is listed as endangered because the population size has declined rapidly in recent years. Although the gene diversity of Okinawa Rail is high relative to other endangered species, this does not mean that Okinawa Rail population is more diverse than other endangered avian species. The gene diversity value depends on the length of the DNA sequence analyzed, the number of samples, along with other factors. The sample of 177 Okinawa Rails is large relative to that of other endangered species (Table 3) . Sequences equivalent to the CR region without repeated sequences were used for analysis in Okinawa Rail, but only shorter domain I sequences were analyzed in other endangered species. On the contrary, nucleotide diversity (π) of Okinawa Rail is low compared to the endangered species listed above, and other avian species in general (Table  3) . We found only 6 haplotypes having nucleotide differences at 6 sites (Table 2) in 177 individual rails. The recent population decline may also have affected nucleotide diversity through the loss of other haplotypes, including rare ones. We suggest that the low nucleotide differences in the control region may be the result of a recent population bottleneck. As seen in Fig. 5 , the mismatch distribution pattern closely fits the simulated one from a sudden expansion model (Rogers and Harpending, 1992) . The same left-shifted pattern of mismatch distribution of mitochondrial D-loop sequences has been described in damselfishes (Fauvelot et al., 2003) and whales of the Indo-Pacific ocean (Patenaude et al., 2007) . However, mismatch distribution of whales in the IndoPacific ocean has secondary peaks at other sites, and Patenaude et al. (2007) concluded that the mismatch distribution does not fit the sudden expansion model. In damselfishes, Chrysiptera glause or Pomacentrus pavo, the mismatch distribution fits well to a sudden expansion model, and suggests that a population bottleneck may have occurred (Fauvelot et al., 2003) . The mismatch distribution pattern of Okinawa Rail in Fig. 5 resembles that of damselfishes, and suggests that Okinawa Rails may have passed through a recent population bottleneck. In addition, mismatch values with one and three differences are much lower than simulated values in Okinawa Rails, indicating that some haplotypes may have been lost recently due to habitat fragmentation. Tajima's D value for haplotypes of Okinawa Rail was 0.848 using Arlequin 2.000 (Schneider et al., 2000) . Negative values of D are indicative of a recent population bottleneck (Tajima, 1989) . A discrepancy between the mismatch distribution and D-value was also observed in whales (Patenaude et al., 2007) .
Based on the minimum span network of 6 haplotypes ( Fig. 3) , it appears that all other haplotypes are derived from Type 5, even though Type 1 has the highest frequency in the population. The other three major haplotypes, Types 2, 3, and 4, appear to have formed from Type 5. This atypical network may be the result of habitat fragmentation and recent loss of Type 5, Type 6, and other haplotypes in the southern portion of the rail's range, where mongooses and feral cats have invaded.
The distribution of sampled individuals (Fig. 4) indicates that most samples were from the eastern and central part of the rail's range. All 4 major haplotypes were found in both of these areas while Types 5 and 6, were only found in the eastern seaside area. The abundance of Types 5 and 6 individuals may have decreased rapidly as the population declined. Because we sampled 20-25% of the population, it seems unlikely that new haplotypes would be found with increased sampling. Here, we reported our findings for wild rails, but we have conducted additional studies on captive rails and have not identified other haplotypes.
The recovery program for the Okinawa Rail, initiated by the Japan Ministry of Environment and Okinawa Prefecture, may have begun in time to protect the genetic diversity of the rail population, as indicated by minor haplotypes still surviving in the population. The recovery plan recommends creation of a captive breeding program, and future re-introduction of these birds into the wild. In addition, it calls for removal of predators of rails, such as mongooses and feral cats, along with the protection of the rail's habitat. Stabilization of the Okinawa Rail population, and retention of its genetic diversity, is needed to prevent the extinction of this island endemic.
